ABSTRACT The study was conducted to determine if the response of swine cecal microflora to lactitol (/fr-r> galactopyranosyl-(l -Â»â€¢ 4)-r>sorbitol; 3 mmol/L) varies when fermenting low (LF) or high fiber (HF) predigested diets. The inoculum was collected from four sows fitted with cecal cannulas, pooled, buffered and dispensed in 27 vessels under anaerobic conditions. The LF or HF predigested diets were used as substrate in two separate experiments. In each trial nine vessels were used as con trols (C) without feed addition, nine received predigested feed (LF or HF) and the remaining nine vessels received the same amount of feed with the supplementation of lactitol (LF + L or HF + L). Lactitol (L) significantly low ered pH and the acetic to propionic acid ratio in the first 8 h of fermentation in both experiments (P < 0.05). At 4 and 8 h, the addition of lactitol reduced ammonia by 100 and 84% in LF + L and by 56 and 38% in HF + L (P < 0.05). In addition, LF + L and HF + L diets gave higher short-chain fatty acid energy yields by 70 and 40% than LF and HF, respectively (P < 0.05). Two bacterial growth models (logistic and Gompertz) were tested to fit gas production data. The Gompertz equation provided a better fit than the logistic model to gas production data for both LF and HF experiments. Lactitol reduced culture lag time in both experiments by approximately 50%, but it increased gas production rate and maximum gas pro duction by approximately 60% only when the microflora was fermenting the LF predigested diet (P < 0.05). No difference in the duration of the exponential phase due to lactitol was observed in either experiment. Our results indicate that lactitol may be an interesting additive to animal feeding. It controlled harmful fermentation pro cesses and stimulated short-chain fatty acid production to a greater extent in low than in high fiber diets, suggesting an improved fermentation of low fiber feed carbohydrates and eventually an increased availabilityof short-chain fatty acids for the host.
predigested diets were used as substrate in two separate experiments. In each trial nine vessels were used as con trols (C) without feed addition, nine received predigested feed (LF or HF) and the remaining nine vessels received the same amount of feed with the supplementation of lactitol (LF + L or HF + L). Lactitol (L) significantly low ered pH and the acetic to propionic acid ratio in the first 8 h of fermentation in both experiments (P < 0.05). At 4 and 8 h, the addition of lactitol reduced ammonia by 100 and 84% in LF + L and by 56 and 38% in HF + L (P < 0.05). In addition, LF + L and HF + L diets gave higher short-chain fatty acid energy yields by 70 and 40% than LF and HF, respectively (P < 0.05). Two bacterial growth models (logistic and Gompertz) were tested to fit gas production data. The Gompertz equation provided a better fit than the logistic model to gas production data for both LF and HF experiments. Lactitol reduced culture lag time in both experiments by approximately 50%, but it increased gas production rate and maximum gas pro duction by approximately 60% only when the microflora was fermenting the LF predigested diet (P < 0.05). No difference in the duration of the exponential phase due to lactitol was observed in either experiment. Our results indicate that lactitol may be an interesting additive to animal feeding. It controlled harmful fermentation pro cesses and stimulated short-chain fatty acid production to a greater extent in low than in high fiber diets, suggesting an improved fermentation of low fiber feed carbohydrates and eventually an increased availabilityof short-chain fatty acids for the host. J. Nutr. 126: 280-289, 1996 . INDEXING KEY WORDS: â€¢lactitol â€¢cecum â€¢ dietary fiber â€¢ pigs fermentation Promoting animal health and improving growth performance through manipulation of microbial ac tivity in the gastrointestinal tract of monogastric an imals has been a major concern in recent years. A number of naturally occurring and artificial factors have been examined including diet composition, probiotics, antibiotics, organic acids and polysaccharides (Jensen 1993) . Certain oligosaccharides were also ex amined for their ability to specifically promote bifidobacteria growth (Hayakawa et al. 1990 , Hidaka et al. 1986 , Mutai et al. 1984 , Tanaka et al. 1983 ). In creasing interest in animal nutrition is generated by use of different sugars such as lactulose (ÃŸ-D-galactopyranosyl-(l -*â€¢ 4)-D-fructofuranose) and lactitol (ÃŸ-Dgalactopyranosyl-(l -*â€¢ 4)-D-sorbitol) (Nousiainen and SetÃ¤lÃ¤ 1992) usually employed in the treatment of hu man portosystemic encephalopathy (Bircher et al. 1966) . Lactitol consists of galactose and sorbitol with a ÃŸ-galactosidebond. Because this disaccharide nor mally is not absorbed in the small intestine (Dharmaraj et al. 1987) , it reaches the lower gut (Nousiainen and SetÃ¤lÃ¤ 1992) where it is fermented. The presence of this sugar alcohol in the cecum and colon prevents the deamination of amino acids and reduces ammonia concentration and its absorption by the host (Jensen 1993) . Subacute levels of ammonia and other inter mediates of the urea cycle may influence metabolism and result in reduced animal performances (Visek 1984) . The production of short-chain fatty acids (SCFA)5 in the large intestine provides different amounts of energy to animals depending on the fer mentable carbohydrates supplied by the diet (Imoto and Namioka 1978, Just et al. 1983) . Certain oligosaccharides, such as lactulose, nystose or a-galactosides, are readily fermented in the large bowel, which limits the quantities that can be consumed without the drawbacks characteristic of very acidic fermenta tions (gas overproduction and diarrhea) (Levrat et al. 1991) .
Thus, the aim of the present work was to investigate the possible use of lactitol as a feed additive in animal nutrition and to study to what extent the addition of lactitol can modify the activity of swine cecal microflora fermenting either a low or a high fiber predigested diet.
MATERIALS AND METHODS

Animals
and diet. Four sows of the Landrace X Large White breed (Istituto di Zootecnia e Nutri zione Animale, University of Bologna, Bologna, Italy) weighing~200 kg live weight (l.w.) were fitted with cecal cannula. Anesthesia was induced with sodium pentobarbital (5 mg/kg; Abbott, North Chicago, IL) and maintained with 1% halothane (fluotane; Zeneca, Cheshire, UK) in a mixture of O2 and N2O. After sur gery animals were kept in single cages and fed once daily on a standard diet (g/kg diet: wheat bran, 350; barley, 300; corn, 275; soybean meal, 50; calcium car bonate, 17; sodium doride, 3; vitamin and mineral mixture, 5; providing per kg of diet 128.1, 30.6 and 58.0 g of protein, fat and fiber, respectively, and 11.54 MJ of metabolizable energy) for 60 d, before collecting the cecal liquor. The vitamin and mineral mixtures provided the following (mg/kg diet): retinyl palmitate, 1.1; cholecalciferol, 0.025; all-rac-a-tocopherol ace tate, 20; menadione, 25; thiamine, 5; riboflavin, 5; pyridoxine, 2.5; cyanocobalamin, 0.025; niacin, 25; biotin, 0.05; pantothenic acid, 20; choline, 250; Co, 0.4; Fe, 250; Cu, 17.5; Zn, 125; Mn, 50 ; I, 1.5; Se, 0.05.
The ethical committee of the University of Bologna reviewed and approved the experimental protocol.
In vitro fermentation. Low (LF) and high fiber (HF) diets were predigested to simulate ileal digestion as described by Vervaeke et al. (1989) . This is a stepwise procedure with an incubation of the ground feed (2 g; particles size < 1 mm) in 40 mL of pepsin solution 5 Abbreviations: ADF, acid detergent fiber; ADL, acid detergent lignin; C, control vessels without feed addition; Ci/C3, acetic to propionic acid ratio; (C2+C4)/C3/ (acetic + butyric) to propionic acid ratio; HF, high fiber diet; L, lactitol; LF, low fiber diet; NDF, neutral detergent fiber; SCFA, short-chain fatty acids.
(2 g/1 HC1 0.075 mol/L; EC 3.4.23.1, P7000; Sigma Chemical, St. Louis, MO) at 37Â°Cfor 4 h. In the second step the pH is adjusted to 7.5 with NaOH (1 mol/L), and 40 ml of pancreatin solution (10 g/L in phosphate buffer pH 7.5; PI 500 Sigma Chemical, St. Louis, MO) is added, and the mixture is incubated in a shaking waterbath at 37Â°Cfor 4 h. After enzymatic digestion, the preparation is centrifuged, washed twice with dis tilled water and dried at 60Â°Covernight. The diet and predigested diet compositions are showed in Table 1 . The predigested diets were used in two fermentation experiments. We used a batch fermentation system and proceeded as follows: cecal contents were collected before a meal from every sow, pooled, anaerobically filtered and diluted with buffer (McDougall 1948) (ra tio 1:2), and 50 mL was dispensed to each vessel. Cecal inoculum was immediately sampled to measure fer mentation variables at time 0. Nine vessels were used as control (treatment C) without feed addition, nine At 4, 8 and 24 h, three vessels per treatment were sampled for short-chain fatty acid (SCFA) content, ammonia analysis and pH.
Chemical analysis of feed and fermentation liquor. Feed analyses (dry matter, crude protein, ether extract, crude fiber, ash and starch) were performed according to AOAC (1990) and Van Soest (1991) for neutral detergent fiber (NDF), acid detergent fiber (ADF) and acid detergent lignin (ADL) determinations. Hemicelluloses and cellulose were calculated as dif ferences between NDF and ADF, and ADF and ADL, respectively. Gross energy was measured by bomb calorimetry (model 1261; Parr.Instrument, Moline, IL). Ammonia was measured as described by Searcy et al. (1967) . The SCFA and lactic acid were analyzed by gas chromatography (Carlo Erba Apparatus 4200, Fison, Milano, Italy) (Supelchem Carbopack B-DA/4% CW 20M 1.8m packed column) according to manufacturer instructions (Supelco, bulletin 856).
Gas production. Gas production was measured as described by Menke et al. (1979) using syringes in triplicate per diet, with the same liquor collection pro cedure, the same volume of liquor and the same pre digested feed concentration as the fermentation ves sels. Gas production was recorded every 30 min.
Short-chain fa tty acid energy yields. The SC FA net production was derived for every acid as difference between mean concentrations in vessels with and without predigested feed at each observation time. Net production at 24 h was used to calculate SCFA energy yield from energy provided by every diet and expressed as kj/g of fermented dry feed [energy values used for SCFA were 0.874, 1.535 and 2.192 kj/mmol for acetic, propionic and n-butyric acids (Imoto and Namioka 1978) ].
Statistical analysis. Data in each experiment were analyzed separately for each time point by ANOVA using the General Linear Model procedure according to SAS (1992) methods; the differences among means of groups were performed using Stu dent's t-test based on the variance derived from AN OVA. Differences were considered statistically sig nificant at P < 0.05. Two bacterial growth models (lo gistic, Gompertz; Schofield et al. 1994 ) were tested to fit gas production data. In the logistic model the rate of gas production is assumed proportional both to the current microbial mass and to the substrate level (Schofield et al. 1994) . Its equation for gas production is as follows:
where symbols have the meanings assigned by Zwietering et al. (1990): V = volume of gas produced at time t, t = fermentation time, VF= maximum volume of gas produced,^= maximum rate of gas produc tion, which occurs at the point of inflection of the gas curve and X = the lag time, as the time-axis intercept of a tangent line at the point of inflection.
The Gompertz model assumes that substrate levels limit growth in a logarithmic relationship (Schofield et al. 1994 ). In the Gompertz growth equation, the symbols have the same meaning as in the logistic model:
The logistic and Gompertz equations both produce sigmoidal curves but differ in the mathematical effect of substrate limitation on growth rate. The duration of the exponential phase was calculated as the differ ence between the time point where the third derivative of the Gompertz growth model becomes zero for the second time, and the lag time. The duration of the exponential phase can be calculated from the param eters of the modified Gompertz equation, as suggested by Zwietering et al. (1992) Time (h) FIGURE 1 Gas production from in vitro incubation of swine cecal microflora and a low fiber predigested diet with (LF + L) or without (LF) lactitol (3 mmol/1) supplementation. Gas production was monitored with triplicate syringes per treatment, and data were averaged at each observation time. Bars indicate so. 'Significant difference between LF and LF + L (P < 0.05).
Curve fitting and statistical analysis were carried out using the program GraphPad Prism 1.03 (GraphPad Software, San Diego, CA) under Windows 3.1 (Microsoft, Redmond, WA) and GraphPad InStat 2.05 (GraphPad Software, San Diego, CA). Conver gence was reached when three consecutive iterations reduced the sum-of-squares by < 0.0001%. The r2 was close to unity in all trials and was relatively insensitive to small local discrepancies between data and model. Thus, r2 was used as an overall measure of fit rather than as a basis for choosing between close-fitting al ternative models. The sum of squared errors (SSE)val ues varied widely across different models and, when applied to the same data set, provided a quantitative tool for model evaluation. Differences between max imum rate of gas production, lag time, duration of the exponential phase and maximum volume of gas pro duced were analyzed using Student's t-test and were considered as statistically significant at P < 0.05.
RESULTS
Experiment
1: low fiber feed fermentation.
Lactitol supplementation (LF + L) reduced (P < 0.05) pH values throughout the trial compared with C and LF treatments (Table 2 ). Ammonia was also reduced (P < 0.05) by 100 and 84% at 4 and 8 h, respectively in LF + L compared with LF treatment. Lactic acid concentrations were often below the detectable level, and no differences among treatments were observed (data not shown). The SCFA molar proportions were modified by lac titol supplementation especially at 4 and 8 h for acetic, propionic, n-butyric and n-valeric acids (Table 2) . Acetic to propionic (C2/C3) and (acetic + butyric) to propionic [(Ci + C4)/C3] acids ratios in LF + L were consequently lower than in LF and C. The gas pro duced was higher (P < 0.05) for LF + L than for LF treatments from 2 until 24 h (Fig. 1) . Table 3 gives a numerical summary of the fits provided by the logistic and Gompertz model to gas production data from the different types of diets. The high r2 values were not as revealing as the SSEerror term, which gave a more sensitive measure of the relative fit. For LF and LF + L treatments a better fit was obtained with the Gom pertz than with the logistic model. The maximum vol ume of gas produced and maximum rate of gas pro duction following lactitol supplementation were Time (h) 20 24 FIGURE 2 Gas production from in vitro incubation of swine cecal microflora and a high fiber predigested diet with (HF + L) or without (HF) lactitol (3 mmol/1) supplementation. Gas production was monitored with triplicate syringes per treatment and data were averaged at each observation time. Bars indicate so. 'Significant difference between HF and HF + L (P < 0.05).
higher by 59 and 66%, respectively, whereas the lag time was reduced to 56% of the LF value (P < 0.05) (Fig. 1) .
The duration of the exponential phase calculated from gas production data did not show any difference due to lactitol addition (LF: 7.1 Â±0.5 h vs. LF + L: 6.9 Â±1.2 h; n = 3;P = 0.81). Experiment 2: high fiber feed fermentation. The high fiber diet (HF) reduced pH compared with C at 8 and 24 h (Table 4, P < 0.05). In lactitol added vessels (HF + L), pH dropped at 4 and 8 h (P < 0.05) compared with C and HF, whereas at 24 h, the acidi fication by HF and HF -I-L diets was comparable. Am monia concentrations were reduced by the presence of HF at all observation times (Table 4) ; lactitol sup plementation was more effective in reducing ammonia by 56% at 4 h (P < 0.05) and by 38% at 8 h (P < 0.05) in HF -l-L compared with HF treatments. Lactic acid was often not detectable with no differences among treatments (data not shown).
Lactitol affected molar proportions of SCFA es pecially at 4 and 8 h (Table 4) . At these times in the HF + L treatment, acetic acid percentage was lower and propionic and n-butyric acid percentages were higher than HF (P < 0.05; the latter only at 4 h). These differences were also described by C2/C3 and (C2+C4)/ C3 ratios at 4 h. No effect of lactitol was detectable at 24 h in term of SCFA molar proportion. The reduction of isoacids occurred in the presence of HF and HF + L compared with C throughout 24 h (Table 4) . Gas production was significantly (P < 0.05) greater because of lactitol supplementation only from 3.5 to 6.5 h of incubation (Fig. 2) . The Gompertz model gave lower SSE values and therefore more accurately fitted the gas production data than the logistic model. According to the ANOVA for each time point, the maximum vol ume of gas produced as obtained from the Gompertz equation and the maximum rate of gas production were not significantly affected by lactitol addition, whereas the lag time was reduced to 51% of the LF value (P < 0.05). Lactitol addition did not modify the duration of the exponential phase of HF treatment calculated from gas production data (HF: 7.6 Â±0.3 h vs. HF + L: 6.9 Â±1.0 h, n = 3, P = 0.32).
Short-chain fatty acids energy yields in both experiments.
Lactitol supplementation after a 24-h incubation raised acetic, propionic and n-butyric acid net concentrations to 128, 205 and 43%, respectively, in LF -I-L compared with LF. Acetic, propionic and nbutyric acid net production had a 66, 78 and 123% increase, respectively, in HF + L compared with HF at 24 h. Lactitol addition resulted in an increase in SCFA energy yield by 70 and 40% in LF and HF treat ments, respectively (Table 5) .
DISCUSSION
In our experiments lactitol influenced intestinal fermentation mainly at 4 and 8 h. The only significant effect at 24 h was the lower p H and cumulative gas production recorded in the vessels with LF + L com pared with the LF diet. Conversely, the HF + L diet had higher gas production compared with HF only over a limited period of time (3 h) in the culture log phase. Lactitol reduced culture lag time in both diets bỹ 50%, and it resulted in a higher gas production rate and maximum gas production only with the LF diet by~60%. Interestingly, the addition of lactitol to the HF diet did not result in gas overproduction, which limits the use of certain oligosaccharides (lactulose and a-galactosides; Levrat et al. 1991) .
The SCFA from the large intestine provide different amounts of energy to animals depending primarily on the type of diet (Imoto and Namioka 1978, Just et al. 1983 ). Lactitol addition in both experiments modified SCFA molar proportions,-LF + L and HF + L showed lower proportions of acetic acid and higher of pro pionic acid than LF and HF, respectively. The effect of lactitol addition over SCFA molar concentrations was highest for propionic acid (305%) in LF treatment and for n-butyric acid (223%) in HF treatment. The amount of energy from SCFA based on predigested feed gross energy was raised by 70 and 40% in LF + L and in HF + L compared with LF and HF diets, re spectively. Lactitol addition to the HF predigested diet resulted in higher total SCFA energy by 2.09 kj/g (49% of added lactitol energy). A much higher increase (6.83 kj/g, which is above added lactitol energy by 160%) was observed when lactitol was added to the LF diet. From gas production and energy yields it appears that lactitol promoted cecal fermentation to a greater ex tent in LF + L than in HF + L treatment, suggesting an improved fermentation of LF diet carbohydrates and eventually an increased availability of SCFA for the host. This conclusion can also be drawn from the ammonia data. Our results confirmed that lactitol re duces ammonia levels in hindgut fermentation (Bird et al. 1990 ) where energy appears to be the limiting factor (Orskov et al. 1970 ). As energy sources (starch and fermentable carbohydrates) are depleted, the car bohydrate-to-nitrogen ratio of the cecum decreases and the fermentation becomes more and more proteolytic. This results in ammonia and amine production (Rus sell et al. 1983 ) disturbing the development of the mu cosa of the intestine (Visek 1978) and reducing the villus height (Nousiainen 1991) . Furthermore, am monia produced and absorbed must be excreted as urea with an energy cost of~7% of total energy expendi tures in monogastric as well as in ruminant animals (Eisemann and Nienaber 1990) . In this in vitro study, lactitol was very effective in containing ammonia, al though this occurred to a greater extent when cecal microflora was fermenting a LF rather than a HF predigested diet, where the higher content of structural carbohydrates can provide fermentable energy cov ering the effect of lactitol addition. Additionally, a higher availability of energy in the hindgut is useful to increase the excretion of nitrog enous material in the feces and decrease nitrogen ex cretion in the urine (Bird et al. 1990) , reducing the environmental impact of pig breeding.
Our results indicate that lactitol may play an im portant role as an additive to animal feeding by con trolling harmful fermentation processes and increasing energy yields from intestinal fermentation in pigs fed low fermentable carbohydrate diets.
